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The hyperfine structure of two transitions in the v, = 0—1 vibrational band of the asymmetric rotor NH,D

is resolved. These spectra represent the first direct observation of N' nuclear quadrupole splittings in the
optical region. The transitions were observed using Lamb dip spectroscopy in which a Stark field is used to
tune the spectral components through resonance with a CO, laser. Splittings of less than 1 MHz are

resolved, and the nuclear quadrupole coupling constants in the excited vibrational state are determined to

be Xoo =2.52+0.24, x,, = 1.46£0.36, ¥, = —3.98+0.29 MHz. In addition, we find i, =1.09 £ 0.04 D for the
excited state permanent dipole moment. These values differ significantly from the ground state values, and

some discussion of their physical implications is presented.

I. INTRODUCTION

Lamb dip spectroscopy is a very powerful tool for ob-
taining high resolution molecular spectra in the optical
region. Small interactions which have been accessible
only in ground state molecules using microwave spec-
troscopy can now be resolved in excited states as well.
We report here the first direct observations of N nu-
clear quadrupole coupling in the optical region. From
the spectra, nuclear quadrupole coupling constants are
obtained for an excited vibrational state. In addition,
since an electric field is used to tune the spectral com-
ponents into resonance with the laser, excited state
Stark splittings are also observed and an accurate value
for the excited state permanent dipole moment obtained,

Our measurements were made on two transitions in
the v,=0~1 vibrational band of the deuterated ammonia
NH,D. One of these transitions has been previously
studied using Lamb dip spectroscopy, but the resolution
in that work was insufficient to resolve hyperfine struc-
ture,! A later study using quantum beat spectroscopy
provides a measurement of one hyperfine splitting, but
this data is insufficient to determine any molecular
constants. Here, as many as six components in a
single transition are resolved and linewidths (FWHM)
as small as 700 kHz obtained.

I, EXPERIMENTAL

Our experiments were performed using a 1.5 m grat-
ing controlled CO, laser which produces 2—-4 W of lin-
early polarized TEM,, radiation on any one of ~ 50 CO,
lines. A small 650 Hz dither is applied to a piezoelec-
tric on the output mirror and the resulting variation in
discharge tube impedance is used to lock the laser to
the peak of its gain curve,® The long term frequency
stability is ~1 MHz, with a short term acoustic jitter
of less than 50 kHz. The sample cell is equipped with
NaCl windows and contains two 4X 30 cm stainless steel
plates separated by six identical 0. 889+ 0.001 em fused
quartz spacers, The inner surface of each plate is op-
tically polished and flat to within 0. 0003 cm, insuring
an extremely uniform electric field between the plates.

After passing through a 20% transmission beam split-
ter to reduce its intensity, the CO, laser beam passes
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through the Stark cell which contains ~ 3 mTorr NH,D
and is reflected back on itself by a 100% mirror. The
experimental arrangement is shown schematically in
Fig. 1. Most of the returning beam is reflected off the
beamsplitter and focused onto a Honeywell HgCdTe pho-
todiode. A very slight misalignment (~ 2 mrad) of the
return beam combined with a 3 mm aperture at the CO,
laser is sufficient to prevent feedback into the laser
cavity.

To observe a Lamb dip, the molecular resonance
frequencies were tuned through resonance with the
fixed frequency CO, laser by varying the electric field
between the Stark plates. For rough tuning an adjust-
able dcbais voltage is applied to one Stark plate using a
stable high voltage power supply. Alinear ramp voltage
whose amplitude is adjustable from 0 to 400 V is then
applied to the other Stark plate to scan through a reso-
nance. To detect an absorption, the Stark field is mod-
ulated by a small (~0.5 V amplitude) 60 kHz square
wave which is capacitively coupled to one Stark plate
as shown in Fig. 1. The detector output is amplified
using a TIXL 151 transimpedance amplifier followed by
a PAR CR 4 low noise preamp and a lock-in amplifier,
The lock-in output is then fed to an X—Y recorder whose
X axis is driven by the linear ramp voltage.

The NH,D was synthesized from NH; and D,O and
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FIG. 1. Experimental arrangement,
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FIG. 2. Observed Lamb dip signal for the (vy, J, M;)=
(04, 494, +4) — (14,544, +4) transition in NH,D.

purified by vacuum distillation. The resulting isotopic
mixture of deuterated ammonias contains ~ 45% NH,D. *

I1l. RESULTS

Our measurements were made on two transitions in
the v,=0~1 vibrational band of NH,D, where the v, vi-
bration involves the same normal coordinate as the in-
version motion. Because of the inversion, the v,=0
and 1 vibrational states are split with the components
being denoted by a subscript ¢ or s according to wheth-
er the wavefunction is antisymmetric or symmetric un-
der inversion.

One set of observations was made on the (v, J) = (0,
49,) —~ (1,, 5,4) transition which can be Stark tuned ~ 2300
MHz into resonance with the P(14) CO, laser line at
10.53 pm.® The large Stark effect here arises from a
near degeneracy between the 4, and 4, ground states
so that the lower state M, levels are split by several
hundred MHz, Thus, in a single Lamb dip trace we ob-
serve only transitions which involve one lower state M,
value. A trace with M, =x4 in the lower level is shown
in Fig, 2, Since we use a small frequency modulation
to detect absorption, first derivative line shapes are ob-
gserved, Inthe experiments, the X axis in Fig. 2is a
voltage sweep, but this may be converted to a frequen-
cy scale using the lower state Stark tuning rate which
is 0, 580+ 0. 006 MHz/V/cm.® The optical field is po-
larized parallel to the Stark field so that AM,; =0 selec-
tion rules apply. Nuclear quadrupole coupling due to
the N nucleus is present here, but for this transition
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the Stark effect in both the upper and lower states is
much larger than the quadrupole coupling. Thus, the
14 nucleus is uncoupled from the molecular rotation
in both states, resulting in AM; =0 selection rules and
a simple spectrum with two components corresponding
to (M;, M;)=(0,+4)~ (0,+4) and (+1,+4)—~ (+1,+4).

A value of 1.24+0.06 MHz was obtained for this
splitting, We also observed this spectrum with AM;
=+ 1 selection rules. Only two components correspond-
ing to (0,+4)—(0,+5) and (+1,+4)~ (+ 1,2 5) are seen
here also since the AM; =~ 1 components are too weak
to be observable. We find a splitting of 0.95+ 0, 06
MHz for this transition, The major portion of this is
due to the lower state. Fortunately, the lower state
splitting can be calculated very accurately since the
ground state nuclear quadrupole coupling constants are
known from molecular beam work.” Thus, the upper
state splittings can be extracted and we find

Xzz =eQ(2V/02%),,=~0.55+0. 08 MHz (1)

from the standard expression for the matrix elements
of the quadrupole operator in an uncoupled basis. ®

A second set of measurements was made on the (v,,J)
= (0,, 404)~ (1,, Bos) transition which can be tuned ~ 1700
MHz into resonance with the P(20) CO, laser line at
10.59 pm.® For this transition the Stark and quadru-
pole energies in the upper state are comparable so that
we have an intermediate field case. This means a secu-
lar equation must be solved to find the energy levels,
and a rather complicated spectrum can result since the
uncoupled basis selection rules are now partially re-
laxed.® The only rigorous selection rule is AM=0,x1
where M =M, + M,, althoughtransitions with AM, =0 still
remain the strongest. A trace for which M;=+3 in
the lower state and the laser was polarized perpendicu-
lar to the Stark field so that AM=x+1 is shown in Fig. 3.
The theoretical spectrum is also shown there with rela-
tive intensities proportional to the transition dipole ma-
trix element as this appears to be what is observed.
This point is discussed further in Sec. IV,

By rotating the laser polarization 90°, we observed
this same transition with AM =0 selection rules. By
lowering the bias voltage we also made measurements
on components of the (0,, 44,) = (1, 5¢5) transition having
M;=+4 in the lower state using both AM=0 and AM
=41 gelection rules. Inthe course of these measure-
ments we were able to determine the frequency shift
between central lines in the AM=0 and AM=4+1 runs by
making alternate scans with different laser polariza-
tions, Taken together, all the data yield a total of 11
observed splittings. We also know that the splitting be-
tween the (M;, M,)=(¥1,+4) and (1, + 5) upper state '
levels is 1.82+0. 35 MHz from a previous quantum beat
measurement. »'° These data are summarized in Ta-
bles I and II. A least squares fit of the data is also
shown there. The adjustable parameters are the ex-
cited state nuclear quadrupole coupling constant and
Stark coefficient. We find

Xzz=—2.20+0.15 MHz , (2)
AEsyam (5osy My )= (1. 510, 10)x 10°® MZ MHz/V?/cm? .
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FIG. 3. Observed Lamb dip signal for the (v, J)=(04,4y,)

— (1,, 5p5) transition in NH,D with AM =21 selection rules and
M;==3 in the lower state. The calculated spectrum is shown
along the bottom with possible crossover resonance positions
indicated by arrows.

A few of the observed splittings involving averages of
two or more transitions may be influenced to some de-
gree by the presence of crossover resonances.'' To
insure that this did not bias our results we also did a
least squares fit using only data containing no such am-
biguities. The results one obtains are identical.

TABLE I. Observed Lamb dip transitions.

Label Transition

a (0,+3) —~(0,+2)

ba (£1,+£3)— (£1,+2); (¥1,+£3)—(+1,+2)

c? (0,+3)— (£1,+3); (¥1,+3)—(0,+3)

d crossover resonances (not used as data).

e? (£1,£3) = (£1,+4); (0,£3)—(0,£4); (+1,+3)—(¥1,+4)
i (0,+3) — (+1,+5)

g (+1,+3)—(0,+5)

ha (0,+3)—(0,+3); (+1,£3)—~(+1,+3); (#1,+3)—~(+1,+3)
ia (0,£3) —~(¥1,+4); (x1,+£3)—(0,+4)

j? (#1,£3)—(0,£2); (0,+3)—(+1,+2)

k (£1,+4) —(x1,+4)

12 (0,£4) —(x1,£5); (¥1,+4)—~ (¥ 1,+4)

m (0, £4)—(0,+4)

n (¥1,:i:4)‘“'(0,:l:4)

ot (£1,+4) —(x1,£5); (0,£4)—~(0,%5); (*1,+4)—~F1, +5)
P (F1,+4) — (1, +5) taken from Ref, 2.

All transition are (vy, J) = (0g, 494) = (14, 5y5) and are labeled in
the uncoupled basis (M7, M;) where a through g correspond to
the labeling of Fig. 3.

AUnresolved transitions.

TABLE II. Observed splittings.

Splitting  Observed (MHz) Calculated (MHz) Difference

a b 0.93£0.07 0.84 0.09
b e 4,28+0.10 4,20 0.08
c e 2.66+0.13 2.72 -0.06
e f 2,563+0,15 2,61 -0,08
e g 4.45%0,21 4,40 0,06
h i 2.57+0.23 2,56 0.02
j h 2.21+0.10. 2,18 0.03
k 1 0.96+0,03 0.92 0.04
m k 0.89+0,03 0.89 0.00
n o 1.,48+0.03 1.47 0.01
k o 1.,75+0.16 1,94 -0.19
n p 1.82+0.35 1.79 0,03

As measured between transitions shown in Table I. Average
frequencies for unresolved transitions are calculated using
a weighted average according to the relative dipole matrix
elements.

The nuclear quadrupole coupling constants in Egs,
(1) and (2) are proportional to the average values of the
electric field gradient at the N nucleus along a space
fixed axis. These numbers may be combined to yield
the field gradients along three principal axes fixed in
the molecule by means of the relation'?
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Here g is one of the principal axes a, b, or ¢, (3°V/
8Z?),, is the average field gradient along a space fixed
axis for the rotational state J,, and (J,|P|J,) is the
average value of the square of the angular momentum
along the gth principal axis in that state.

To use Eq. (3) we must know the matrix elements
(J,.|P51J,). These depend on the molecular structure
in the excited vibrational state, in particular, on the
asymmetry parameter k= (28-A - C)/(A-C). While
an accurate excited state k is not known for NH,D, one
does not expect it to change dramatically from its
ground state value of k=— 0. 310, '® Rotational constants
are known for the v,=1 excited vibrational state in both
NH, and NDj; so that excited state structures can he
calculated for both of these molecules. * The results
show that the bond lengths and angles increase by ap-
proximately 0.005 A and 1° in NH; with similar changes
for ND;. To estimate the'range over which k might
vary in NH,D, we doubled these changes and assumed a
worst case situation in which the N—H bond lengths and
angles increase while the N=D bond remains essentially
unchanged (allowing the N-D bond to change also, gives
a k which differs little from the ground state value).
These calculations show that it is possible, though not
likely, for x to change from its ground state value to a
value as low as - 0. 25.
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Using the ground state « in Eqs. (3) and (4) we find
eQ(8%V/04%) =2.52+0. 24 MHz ,
e@(®?V/0b%)=1,46+0, 36 MHz , (5)
eQ(d2V/9c% =~ 3,98+0.29 MHz .

The error limits here are determined by the experi-
mental errors in determining eQ(®%V/52%),,. When &
=-0.25 is used in Eqs. (3) and (4), the results change
only slightly with 82V/aq? and 8%V/2b® becoming more
nearly equal and 8%V/8¢? remaining unchanged. How-
ever, all values remain within the error limits shown
in Eqs. (5). Thus, provided our assumptions about the
NH,D structural changes are correct, Eqs. (5) provide
the nuclear quadrupole coupling constants even though
an exact excited state value of k is not known.

The Stark coefficient for the v,=1, J= 5y level given
in Eq. (2) yields a value for the NH,D excited state
permanent dipole moment. This may be obtained from
the standard second order perturbation theory expres-
sion'® i

(T Myl pg, | MY |2
AEg,. . (J M):E pnie? Z DN 7 S B . (6)
Stark W1y SHF — 78 oy E,T..EJ;

Here € is the applied Stark field, ¢, is a direction
cosine, and p, =W yindiay | D161 81 1 deithyiniiay) With g
being the g coordinate of the ith electron or nucleus in
the molecule. If y,,, is the antisymmetric inversion
state then Ji,, is the symmetric state and vice versa.
i, is thus the dipole moment component along the prin-
cipal axis g as seen by the rotating molecule (i. e.,
averaged over vibration and inversion). !* The energy
differences E,; - E;: should be understood to include
inversion splittings as well as the rotational energies.
In practice, only a few nearby levels contribute signifi-
cantly to the summationover J% inEq. (6) and we obtain

1,=1.09+0.04 D, (7

Note that only p, is obtained here. u, is zero by sym-
metry and p,, which we expect to be small in any event,
makes a negligible contribution to AFEg, . (54, M;). The
reason is that the nearest a-dipole connected levels to
5ps contribute almost equally but with opposite signs,
producing a Stark shift for p, which is nearly zero.

To calculate p, one must know the direction cosine
matrix elements, which depend on k., The ground state
value of ¥ was used to obtain Eq. (7), but the k depen-
dence of the relevant matrix elements is very small and
the results are unchanged for any k between = 0, 25 and
- 0.31. The energy level differences E, - E,; must

TABLE III. Nuclear quadrupole coupling constants in the vy=1
excited vibrational state compared to the ground state con-
stants.

NH,D excited state vy=1 NH,D ground state*

eQ*/0a%=2,52+0.24 MHz 1.902 MHz
eQ(0%v/0b%)=1,46+0,36 MHz 2,042 MHz
eQ0%/0c¢Y)=~3,98+0,29 MHz ~3.944 MHz

3%From Ref, 18.

FIG. 4. Orientation of the principal axis system in NH,D.

also be known. Since only J=5 levels contribute sig-
nificantly, these differences depend on ¥k, A-C, and the
inversion splitting, However, given a k, the latter two
quantities are fixed since two energy level differences
are known from laser spectroscopy. *!" Again, for any
k between - 0. 25 and - 0. 31, the p, one obtains lies
within the experimental error limits shown in Eq. (7).

IV. DISCUSSION

The Lamb dip relative intensities observed in our ex-
periments are nearly proportional to the transition di-
pole matrix elements @, (c.f. Fig. 3). This is in con-
trast to standard perturbation theory treatments of the
Lamb dip which predict relative intensities that go as
®z.'" However, these theories assume that one beam
is weak while experimentally both forward and return
beams had high intensity. In fact, the optical field
strengths used (~ 50 V/cm) were sufficiently high to sig-
nificantly broaden the stronger transitions thus reduc-
ing their apparent intensity relative to weaker transi-
tions. The effect is enhanced by the fact that we ob-
serve the derivative of the absorption line shape. We
found high power operation to be desirable since it en-
abled us to observe several very weak transitions. The
tradeoff is some loss in resolution, All attempts to in-
crease the resolution by lowering the power resulted
simply in the disappearance of the weak transitions,

We note that the crossover resonances are also weaker
than predicted by the usual theoretical treatments.

This phenomenon has been observed by a number of
workers.

Table III shows our results for the nuclear quadrupole
coupling constants in the v,=1 excited vibrational state
as compared to the ground state constants which were
obtained by Kukolich using molecular beam methods. 18
We note first that the ground state values are exactly
what one would expect if the electronic charge distribu-
tion in NH,D were identical to NH;. This may be seen
by rotating the NH, field gradient tensor into the NH,D
principal axis system which is shown in Fig. 4. NH,
has x=-4.092 MHz along the threefold symmetry axis
of the electronic charge distribution (the dotted line in
Fig. 4) and quadrupole coupling constants of — 3x along
the two perpendicular axes.!? A 9° rotation of this ten-
sor reproduces the NH,D quadrupole coupling constants

J. Chem. Phys., Vol. 64, No. 12, 15 June 1976
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TABLE IV, Electric dipole moments in NH;D compared to
NH;. - :

NH,D excited state vy=1
#e=1,09+0,04 D

NH;D ground state®
1.47 D

NH; excited state vy=1%
p=1,25+£0,01 D

NH; ground state
1.468 D

#This value is calculated from the Stark tuning rate reported in
Refs, 1 and 6.
PFrom Ref. 20.

to very high accuracy (<1%). Inthe v,=1 state, how-
ever, the threefold symmetry of the electronic charge
distribution is evidently broken since we now have x,,
considerably greater than y,, and these values cannot
be obtained by any reasonable rotation of a quadrupole
coupling tensor for a threefold symmetric electronic
charge distribution. This is not unexpected since the
deuterium nucleus in NH,D is twice asmassive as the
H nucleus and thus will have a considerably smaller vi-
brational amplitude in the v,=1 state. It would be in-
teresting to see if the rotational constants for this state
also show a breaking of the threefold symmetry of the
molecule. Unfortunately, sufficient data to determine
them is not presently available.

In Table IV, we show our result for the v,=1 state
electric dipole moment in NH,D as compared to elec-
tric dipole moment values in NH,. In both molecules
the dipole moment in the excited state is much smaller
than in the ground state. One is tempted to attribute
this to a flattening of the NH; and NH,D pyramids, but
the small observed structural changes in NH; on going
to the v,=1 state indicate that electronic charge redis-
tribution during vibration must be the major factor in
reducing 1. The v,=1 dipole moment in NH,D is small-
er than in NH; even though the ground state values are
comparable. No simple physical reason for this is
evident to us although part of the difference may be due
to the fact that we have measured only p, in NH,D while
Krotar= V pZ+p2, One expects L, to be nonzero due to
the breaking of the threefold symmetry of the electronic

E. W. Van Stryland and R. L. Shoemaker:
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charge distribution in v,=1 as well as the ~ 9° tilt of the
principal axis system (see Fig. 4). It would be interest-
ing to measure p, using other NH,D transitions.
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